Previous studies have established that the Snf2h-containing chromatin remodeling complex NoRC mediates epigenetic silencing of a subset of rRNA genes (rDNA) by recruiting enzymatic activities that modify histones and methylate DNA. Here we have analyzed nucleosome positions at the murine rDNA promoter and show that active and silent rDNA copies are characterized not only by specific epigenetic marks but also by differently positioned nucleosomes. At active genes the promoter-bound nucleosome covers nucleotides from À157 to À2, whereas at silent genes the nucleosome is positioned 25 nucleotides further downstream. We provide evidence that NoRC is the molecular machine that shifts the promoter-bound nucleosome downstream of the transcription start site into a translational position that is unfavorable for transcription complex formation.
Introduction
Chromatin has an essential role both in packaging the genome and regulating its function at specific genes. This dual role is brought about by a wide variety of enzymes that covalently modify histones and/or DNA, or affect chromatin structure by disrupting histone-DNA contacts. The biochemical properties of chromatin-modifying enzymes are well characterized, and links between histone-and DNA-modifying enzymes and ATP-dependent chromatin remodeling complexes have been established. Chromatin remodeling enzymes use the energy of ATP to alter the structure or positioning of nucleosomes, thus modulating the access of DNA binding proteins. Hence chromatin remodeling complexes are involved in the regulation of DNAdependent processes, like transcription, replication, repair and recombination. One unifying view is that the ATPase subunit of the Swi/Snf2 subfamily acts as a molecular motor that facilitates dynamic changes in chromatin structure at both active and inactive genes. Chromatin remodeling complexes have been classified into Swi2-, ISWI-, CHD-or INO80-containing complexes and shown to play multiple roles in chromosome organization, DNA replication, transcription activation and repression (Corona and Tamkun, 2004) .
Several epigenetic characteristics distinguish potentially active from inactive mammalian rRNA genes (rDNA), including differential DNA methylation and specific histone modifications (Grummt and Pikaard, 2003; McStay, 2006) . On active gene copies, the promoter is unmethylated and histone tails are demarcated by euchromatic modifications, such as acetylation of histone H4 and methylation of histone H3 at lysine 4. In contrast, the promoter of silent genes exhibits heterochromatic features . In exploring the epigenetic control mechanism by which the active or silent state of rDNA is inherited, we have identified NoRC, a remodeling complex consisting of Snf2h and TIP5 that localizes within nucleoli (Strohner et al, 2001) . NoRC recruits DNA methyltransferase and histonemodifying activities to the rDNA promoter, thereby mediating heterochromatin formation and rDNA silencing (Santoro et al, 2002) . Previous studies have revealed a hierarchy of epigenetic events that trigger rDNA silencing, starting with NoRC being recruited to rDNA by TTF-I bound to the promoter-proximal terminator T 0 Strohner et al, 2004; Santoro and Grummt, 2005) . NoRC interacts with the Sin3 corepressor complex and DNA methyltransferases, which deacetylate nucleosomes and methylate rDNA, respectively. Methylation of CpG-133 impairs UBF binding to chromatin and inhibits transcription complex formation . However, despite these advances in understanding single steps by which the silent state of rDNA is established, the function of the ATP-dependent chromatin remodeling activity of NoRC remained elusive.
In this study, we have analyzed the role of NoRC in nucleosome positioning at the rDNA promoter in vivo. We have identified two distinct translational nucleosome positions that characterize active and silent rDNA repeats, respectively. Whereas the ratio of 'active' versus 'silent' nucleosome positions is approximately 1:1 in NIH3T3 cells, this ratio changes to at least 1:5 in differentiated cells or in cells overexpressing NoRC. The results reveal that NoRC-in addition to its established role in recruiting histone-modifying enzymes and DNA methyltransferases to rDNA-plays an active role in nucleosome dynamics at the rDNA promoter, and specific nucleosome positions determine the transcriptional readout of rRNA genes.
Results
Mapping of nucleosome positions at the rDNA promoter To examine nucleosome positions at the mouse rDNA promoter in vivo, crosslinked cells were permeabilized with lysolecithin, chromatin was digested with MNase and mononucleosome-sized DNA was subjected to LM-PCR using a linker-and an rDNA-specific primer ( Figure 1A ). The positions of MNase cleavage sites were mapped from both directions using different rDNA-specific primers that amplify the top or bottom strand of DNA. The 5 0 border of the nucleosomes was determined by using two reverse primers harboring rDNA sequences from À1 to À21 (primer A) and from À20 to À39 (primer B). The 3 0 ends of nucleosomal DNA fragments were mapped with the forward primer C (from À105 to À87). Amplification of the reaction products with each of the rDNA primers yielded two DNA fragments ( Figure 1B) , suggesting the presence of two rDNA populations that are discriminated by the position of promoterbound nucleosomes. The lengths of the two DNA fragments differ by 20-30 bp, indicating that the two nucleosome positions are 20-30 bp apart from each other.
To map the MNase cleavage sites at the nucleotide level of resolution, the LM-PCR products were separated on a denaturing gel along with a sequencing reaction of murine rDNA ( Figure 1C ). After subtraction of the 22 bp linker DNA, the lengths of LM-PCR fragments place the 5 0 edge of the translationally positioned nucleosomes to nucleotides À157 and À132 with respect to the initiation site, that is, within the upstream control element (UCE) and the core promoter. The 3 0 edges of the two translationally positioned nucleosomes are at nucleotides À2 and þ 22, respectively. Thus, the two positioned nucleosomes extend from À157 to À2 and from À132 to þ 22. The observation that the two nucleosome positions differ by 25 bp suggests that regulatory DNA elements that are exposed to the surface of the histone octamer in one translational frame should be inaccessible within the other translational frame. Of note, previous mapping of nucleosome positions on in vitro assembled nucleosomal arrays revealed a dominant nucleosome position with the 3 0 end at position þ 22, if both NoRC and TTF-I were present in the remodeling assays . The finding that the 3 0 boundary of the more downstream nucleosome is identical to the position that is triggered by TTF-I and NoRC on reconstituted chromatin implies that this nucleosome position represents the inactive rDNA population. Apparently, NoRC recognizes a specific sequence and/or structural feature of the rDNA promoter and shifts the 3 0 edge of the promoter-bound nucleosome to a preferred position downstream of the transcription start site.
Different nucleosome positions at active and silent rDNA promoters The finding that there are two distinct nucleosome positions at the rDNA promoter supports the view that the different accessibility and transcriptional potential of active and silent rDNA copies is not only due to the establishment of specific heterochromatic features at the promoter but also to different nucleosomal positions at active and silent rDNA arrays. Active and silent rRNA genes can be distinguished by the degree of promoter methylation, active copies being unmethylated and therefore sensitive to HpaII digestion, whereas silent ones are methylated and resistant to HpaII digestion . If nucleosomes were differently positioned at active and silent rDNA repeats, then the DNA covered by the nucleosome should either be sensitive or resistant to HpaII digestion, depending on whether or not the HpaII site at À143 was methylated. As shown in Figure 2A , the upper fragment (U) that corresponds to the more upstream positioned nucleosome was not amplified, indicating that the nucleosomal DNA was unmethylated and therefore cleaved by HpaII. This demonstrates that at transcriptionally active rRNA genes, a positioned nucleosome covering sequences from À157 to À2 places the core promoter (CORE) and the UCE at the edges of the nucleosome.
The smaller PCR product covers sequences from À132 to þ 22 and does not contain the CCGG site at À143. Therefore, it is not surprising that this fragment was amplified after treatment with HpaII. In order to monitor the methylation status of the shorter PCR product, we performed bisulfite sequencing of both LM-PCR fragments. The murine rDNA promoter contains CpG base pairs at À143, À133 and þ 8. Previous studies have established that all three CpG residues are unmethylated in active genes and methylated in silent gene copies ). In the experiment in Figure 2B , mononucleosomal DNA was treated with bisulfite before LM-PCR amplification and cloning of the upper and lower fragment. Sequencing of 10 selected clones revealed that bisulfite treatment has converted the CpG residues at À143 and À133 in the upper fragment to uracils that were amplified as thymine during PCR, that is, they were unmethylated. This is consistent with the observed HpaII sensitivity and supports the notion that a positioned nucleosome spanning sequences from À157 to À2 covers the promoter of active rRNA genes. In contrast, all clones derived from the faster migrating DNA fragment contained sequences from À132 to þ 22, and the only CpG residue at þ 8 remained unconverted. This indicates that the DNA fragment covered by the more downstream positioned nucleosome was methylated, that is, represents the fraction of silent rDNA copies. Noteworthy, in this 'inactive' position, the critical CpG dinucleotide at À133 is at the 5 0 boundary of the positioned nucleosome.
Overexpression of TIP5 increases the number of nucleosomes in the 'silent' position
Given that NoRC is required for rDNA silencing, the ratio of 'active' versus 'silent' nucleosome positions at the murine rDNA promoter should be decreased if the level of cellular NoRC was elevated. To test this, we used a cell line, termed 3T3/TIP5, which stably overexpresses TIP5, the large subunit of NoRC (Li et al, 2005) . In 3T3/TIP5 cells, the level of pre-rRNA was decreased, the size and number of nucleoli was reduced and cell growth was impaired. Moreover, in parental NIH3T3 cells, B40% of rDNA was methylated, that is, was transcriptionally silent, whereas the level of methylated copies was increased to 80-90% in 3T3/TIP5 cells. Significantly, the ratio of the nucleosome positions at the rDNA promoter was changed upon overexpression of TIP5. As shown in Figure 3A , in NIH3T3 cells, the ratio of the two PCR fragments was similar, B60% of nucleosomes being in the more upstream and B40% in the more downstream position. In 3T3/TIP5 cells, on the other hand, the ratio of the two PCR fragments changed to 15:85%, consistent with enhanced NoRC levels increasing the proportion of downstream nucleosome positions at the expense of upstream ones. The intriguing correlation between increased rDNA methylation and elevated amounts of the downstream nucleosome in 3T3/TIP5 cells supports the view that at silent genes the promoter-bound nucleosome is located further downstream, covering sequences from À132 to þ 22. This indicates that transcriptional silencing involves shifting of a translationally positioned nucleosome at the rDNA promoter 25 bp further downstream into a different position, and suggests that NoRC-mediated changes in nucleosome positioning may be an important step in the establishment of a repressed rDNA promoter architecture.
To provide further evidence that NoRC is the molecular machine that moves the nucleosome into the inactive position, we sought to analyze the ratio of the two nucleosome positions after overexpressing a mutant form of TIP5 that does not trigger silencing of Pol I transcription. We used TIP5/Y1175F, a point mutant that does not associate with chromatin and is not capable of establishing heterochromatic features and transcriptional silencing (Zhou and Grummt, 2005) . As shown in Figure 3B , overexpression of wild-type TIP5, but not TIP5/Y1175F, repressed Pol I transcription. Comparison of nucleosome positions by LM-PCR after overexpression of wild-type or mutant TIP5 revealed that TIP5/ Y1175F did not alter the ratio of 'active' versus 'silent' nucleosome positions, indicating that TIP5/Y1175F was not capable of shifting 'active' nucleosomes into the 'inactive' position. This result demonstrates that active NoRC is required for shifting the promoter-bound nucleosome into the downstream 'inactive' position that is associated with transcriptional silencing.
Epigenetic changes at the rDNA promoter during adipocyte differentiation
To evaluate the biological significance of NoRC-mediated chromatin remodeling, we have examined epigenetic changes at the rDNA promoter during adipocyte differentiation. For this, confluent cultures of 3T3-L1 cells were induced to differentiate into adipocytes and differentiation was monitored after 10 days by staining with the lipophilic dye Oil Red O ( Figure 4A) . In differentiated cells, pre-rRNA synthesis was reduced by more than 80% ( Figure 4B ). This decrease in Pol I transcription was accompanied by decreased levels of Pol I and UBF and an increase in TIP5 ( Figure 4C ). Transcriptional repression and enhanced NoRC levels were accompanied by an increase in heterochromatic histone modifications, such as hypoacetylation of histone H4 and dimethylation of histone H3 at lysine 9 ( Figure 4D ). To examine whether the ratio of nucleosomes in the 'active' versus the 'silent' position was changed in differentiated cells, we compared the nucleosome positions at the rDNA promoter in 3T3-L1 cells and adipocytes. The results in Figure 4E demonstrate that differentiation resulted in repositioning of nucleosomes, the majority of nucleosomes being shifted from the 'active' into the 'silent' position. The 50:50% ratio of nucleosomes in the 'active' and 'silent' position in undifferentiated 3T3-L1 cells (day 0) was changed to 10:90% after differentiation into adipocytes (day 10). This result demonstrates that cessation of rDNA transcription after exit from the cell cycle is caused or accompanied by an increase of NoRC, which induces a switch of nucleosome positions and mediates epigenetic changes at the rDNA promoter.
Discussion
Previous studies have demonstrated the importance of nucleosome positioning in the organization of nucleoprotein complexes at promoters and regulatory elements. Positioned nucleosomes may either occlude or facilitate binding of basal transcription factors to chromatin, thereby repressing or activating transcription. In some cases, nucleosomes are positioned as a consequence of specific factor binding, whereas in other cases certain DNA sequences are able to position nucleosomes in vitro (Grunstein, 1990; Simpson, 1991) . However, most of the sequences identified in vitro fail to precisely position nucleosomes in vivo. This suggests that in addition to DNA structure and flexibility, other mechanisms define nucleosome positioning in cellular chromatin. DNA binding factors, such as the a2-MCM1 complex, actively position nucleosomes at repressed genes in yeast a-cells. This process requires the intact histone H4 tail, indicating the involvement of ISWI-like chromatin remodeling activities (Shimizu et al, 1991; Clapier et al, 2001) . Likewise, in budding yeast, the global corepressor Ssn6-Tup1 is responsible for nucleosome positioning both at specific genes and the recombination enhancer at silent mating-type loci (Cooper et al, 1994; Weiss and Simpson, 1997; Kastaniotis et al, 2000; Fleming and Pennings, 2001; Li and Reese, 2001 ). These studies indicated that Tup1 and the Isw2 chromatin remodeling complex collaborate in nucleosome positioning and gene repression (Zhang and Reese, 2004) . Although Ssn6-Tup1 is necessary for nucleosome positioning at the RNR3 gene, it requires the ISW2 remodeling complex to precisely position nucleosomes. This suggests an intimate link between mechanisms that regulate the structure and dynamics of chromatin with those that are involved in nucleosome positioning. The results of the present study support this view, demonstrating that chromatin remodeling complexes trigger changes in nucleosome positions, which in turn define the transcriptional readout.
We have identified two distinct nucleosome positions at the murine rDNA promoter that mark active and silent gene copies, respectively. At potentially active genes, a nucleosome occupies sequences from À157 to the transcription start site, whereas at silent genes, the nucleosome covers sequences from À132 to þ 22. The key player that shifts the nucleosome downstream of the transcription start site at silent gene copies is NoRC, the chromatin remodeling complex that recruits histone-modifying enzymes and DNA methyltransferase(s), thereby triggering heterochromatin formation and silencing of a fraction of rDNA (Strohner et al, 2001) . Methylation of the rDNA promoter at CpG at À133 prevents binding of the basal transcription factor UBF to the UCE, which in turn leads to impaired preinitiation complex formation and repression of Pol I transcription Santoro et al, 2002) . Previous studies have revealed that the overall organization of rDNA reconstituted into chromatin depends on binding of TTF-I to the promoter-proximal terminator T 0 (Längst et al, 1997) . This suggested that TTF-I might serve as a boundary factor that positions nucleosomes next to its cognate site. However, subsequent studies revealed that binding of TTF-I to T 0 is required for the establishment of both the active and silent state of rDNA in vivo and in vitro, a finding that suggested a dynamic and active role of TTF-I in modulating the chromatin structure and activity state of rRNA genes. The current view is that TTF-I interacts with different chromatin remodeling complexes that recruit either specific co-activators or co-repressors to the rDNA promoter that establish the euchromatic or heterochromatic rDNA conformation. Our present data extend this view, showing that active and silent rDNA copies are not only characterized by distinct epigenetic marks but also by different nucleosome positions. Apparently, different chromatin remodeling complexes differ in their capability to move or position nucleosomes at specific DNA sequences. In support of this, targeting of NoRC to the rDNA promoter alters nucleosome positions, placing the 3 0 border of the nucleosome 22 bp downstream of the transcription initiation site, that is, a position that marks silent rDNA copies.
On active genes, UBF has been shown to bind as a dimer to both the UCE and the core promoter. The tandem HMG boxes enable a UBF dimer to wrap the DNA in a right-handed direction, forming a loop of 3601 once every B140 bp (Bazett-Jones et al, 1994; Stefanovsky et al, 2001) . As a consequence, the UCE and the core promoter are brought into close proximity, providing the correct scaffolding for productive interactions between UBF and TIF-IB/SL1 bound to the two promoter elements. Wrapping the rDNA promoter by either UBF or a positioned nucleosome might be instrumental for PIC formation and transcription activation. The core and UCE elements are located within the realm of the nucleosome but are located at the opposite DNA exit sites of the nucleosome. The specific nucleosomal architecture of active genes places the DNA exit sites into close proximity, potentially allowing cooperative binding of UBF and TIF-IB/ SL1 to the positioned nucleosome. Consistent with this, changing either the distance between the two promoter elements or increasing the distance of the TTF-I binding site relative to the transcription start site inactivated Pol I transcription (Clos et al, 1986; Längst et al, 1998) , indicating that a proper promoter architecture is a prerequisite for the exact positioning of the promoter-bound nucleosome, which in turn is required for cooperative binding of UBF and TIF-IB/SL1. On silent genes, a nucleosome is positioned downstream of the transcription start site and both the UBF binding site and the functionally important CpG residue at nucleotide À133 are placed into the nucleosomal linker region that is occupied by nucleosome-bound NoRC (G Längst et al, unpublished) . The core element, on the other hand, has been moved inside the nucleosome and the relative alignment of the DNA element with respect to the histone octamer surface has been changed. DNA elements being accessible at the 'active' nucleosome position are facing towards the histone octamer surface in the 'silent' nucleosome position. As a consequence, the core promoter should be less accessible for TIF-IB/SL1 binding. Thus, while at active genes the nucleosome juxtaposes the core and UCE sequences, both sequence elements are separated at silent genes, not allowing cooperative binding of UBF and TIF-IB/SL1. This result supports the view that specific nucleosome positions affect transcription factor binding and gene expression. The identification of NoRC as the major determinant of the 'silent' nucleosome position suggests that remodeling complexes are not only the major determinants of chromatin dynamics but are also capable of defining a specific chromatin structure. This dual function may also explain why chromatin remodeling complexes are so diverse and abundant in the cell. Differential gene regulation by specifically positioned nucleosomes is an attractive mechanism that would allow the cell to keep a high signal to noise ratio of DNA-dependent processes and reduce the complexity of regulation by establishing chromatin structures that allow or prevent binding of transcription factors to regulatory elements.
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